Toxin complex (Tc) proteins are a class of bacterial protein toxins that form large, multisubunit complexes. Comprising TcA, B, and C components, they are of great interest because many exhibit potent insecticidal activity. Here we report the structure of a novel Tc, Yen-Tc, isolated from the bacterium Yersinia entomophaga MH96, which differs from the majority of bacterially derived Tcs in that it exhibits oral activity toward a broad range of insect pests, including the diamondback moth (Plutella xylostella). We have determined the structure of the Yen-Tc using single particle electron microscopy and studied its mechanism of toxicity by comparative analyses of two variants of the complex exhibiting different toxicity profiles. We show that the A subunits form the basis of a fivefold symmetric assembly that differs substantially in structure and subunit arrangement from its most well characterized homologue, the Xenorhabdus nematophila toxin XptA1. Histopathological and quantitative dose response analyses identify the B and C subunits, which map to a single, surface-accessible region of the structure, as the sole determinants of toxicity. Finally, we show that the assembled Yen-Tc has endochitinase activity and attribute this to putative chitinase subunits that decorate the surface of the TcA scaffold, an observation that may explain the oral toxicity associated with the complex.
bacterial toxins | insecticides | single particle analysis | protein assembly | protein-protein interactions T he use of bacteria such as Bacillius thuringiensis (Bt) and their toxins in crop protection and pest eradication has proven widely successful, but the emergence of Bt-resistant insects (1, 2) has motivated an urgent need to identify novel biopesticides (3, 4) . Tc proteins comprise a class candidate class of molecules. First identified in the nematode-associated bacterium Photorhabdus luminescens (5), Tc proteins characteristically belong to one of three distinct classes with at least one subunit from each of the three classes combining to form a complex with potent insecticidal activity. Subsequent to their initial discovery, the Tc classes have been redesignated A, B, and C, and the P. luminescens Tc proteins can thus be classified as either TcA-like (TcaA1, TcaB1, TcbA, TccA and TcdA1), TcB-like (TcaC1 and TcdB1), or TcC-like (TccC1 and TccC2) (6) . Genes encoding Tc-like proteins have subsequently been identified in many insect-active bacteria including Serratia entomophila (tcA, sepA; tcB sepB; tcC sepC) (7) and the nematode-associated bacterium Xenorhabdus nematophila (tcA, xptA1, xptA2; tcB, xptC1; tcC, xptB1) (8) , while the completion of bacterial genome sequencing projects such as Yersinia pestis C092 (9) and Pseudomonas syringae pv. tomato DC3000 (10) has revealed the presence of additional putative insecticidal tc genes.
The general mode of action of Tc proteins has yet to be fully elucidated. In some cases, expression of individual tcA genes is sufficient to cause toxicity (8, 11) , but full toxicity generally requires all three Tc components, with the B and C components providing a potentiation of toxicity (12, 13) . Interestingly, TcB and TcC components coexpressed with TcA components from other species (or from other Tc clusters) can combine to cause an effect with altered host specificity (12, 13) , suggesting the TcA component is a determinant of target host range. Further evidence for this is provided by the observation that the TcA components of an insecticidal X. nematophila Tc bind to solubilized insect midgut brush border membranes (14, 15) . By comparison, TcC-like proteins are thought to represent the main toxin components of the Tc family (7, 16) . Two P. luminescens TcC-like toxins, TccC3 and TccC5, trigger ADP ribosylation and RhoA GTPase activation in Galleria melonella haemocytes and cultured HeLa cells, inducing redistribution and clustering of actin, inhibiting phagocytosis and leading to cell death (16) . A model for Tc-induced toxicity has thus been proposed in which the TcA component selectively makes first contact with the target cell wall, following which the TcC components are internalised to the cytosol (16) . Further mechanistic insights have been hampered by the absence of structural data describing a fully assembled Tc. Indeed, the only structure reported to date is that of the oligomeric TcA-like X. nematophila protein XptA1. Solved in the absence of its TcB and TcC partners to moderate resolution using single particle EM (14) , the structure reveals a tetrameric cage-like assembly, proposed to encapsulate the TcB and TcC components.
The genome of the recently identified bacterium Y. entomophaga MH96 contains an approximately 32-kb pathogenicity island (designated PAI Ye96 ) harboring five tc-like genes-yenA1 (tcA-like), yenA2 (tcA-like), yenB (tcB-like), yenC1 (tcC-like), and yenC2 (tcC-like)-as well as two putative chitinase-encoding genes (chi1, chi2) (17) . Following the nomenclature of ffrenchConstant and Waterfield (6) the A component is composed of two smaller protein subunits (A1 and A2) that combine with the B and two C subunits (C1 and C2) to form a single large complex that, together with the coassociated chitinases (Chi1 and Chi2), is referred to hereafter as Yen-Tc. The complex is secreted at temperatures equal to or below 25°C and injection of semipurified complex directly into the larval haemocoel of G. mellonella is associated with potent toxicity (five day LD 50 ¼ 35 ng per larva) (18) . More importantly, the semipurified toxin exhibits broad host range oral toxicity, causing rapid mortality in many insect pests belonging to the orders Coleoptera (e.g., beetles) and Lepidoptera (e.g., moths) as well as the orthopteran Locusta migratoria (18) . Histological analyses show a general dissolution of the larval midgut within 48 h postingestion (18) , consistent with reported effects of other Tc toxins including Tca from P. luminescens (5) .
We set out to purify and structurally characterize Tc complexes isolated from Y. entomophaga MH96 as well as the derivative strain Y. entomophaga MH96∷9, which carries a mutation near the 5′ end of the yenB gene and secretes a complex lacking the B and C subunits (Yen-Tc K∷9). We observed substantial structural differences between Yen-Tc K∷9 and its best characterized homologue, XptA1. We found that Yen-Tc has endochitinase activity, representing to our knowledge the earliest reported example of a Tc with associated chitinase activity. We also identified the likely location of the subunits responsible for this activity. Histopathological and comparative toxin dose response analyses directed against P. xylostella suggest that the Yen-Tc may be more potent than the most widely used Bt toxins and together with comparative single particle EM analyses have additionally allowed us to structurally and functionally map the determinants of toxicity and address possible mechanisms of insecticidal activity.
Results
Isolation and Electron Microscopy of a Y. entomophaga Tc. Preliminary transmission EM (TEM) revealed a strong preferential orientation of the mature Yen-Tc applied to glow-discharged carbon coated TEM grids. The related Yen-Tc K∷9 complex, composed of the A1 and A2 subunits as well as the much smaller Chi1 and Chi2 proteins, showed no preferential orientation and was therefore chosen for initial biophysical and structural analyses. Yen-Tc K∷9 offered the additional advantage that it was expected to be structurally analogous to the previously characterized XptA1 complex, providing a good basis for structural comparison.
Approximately 0.5 mg of Yen-Tc K∷9 was routinely obtained from a 100-mL culture of Y. entomophaga MH96∷9 grown in LB broth at 25°C. Partially purified Yen-Tc K∷9 was then subjected to Sephacryl S-400 gel filtration chromatography (Fig. S1A ). Toxin-containing fractions comprised four major protein components (Fig. S1B ), confirmed using a combination of mass spectrometry and/or Edman sequencing as the Yen-Tc A1, A2, Chi1, and Chi2 subunits. Minor bands that migrated between the A1 subunit and Chi2 had previously been identified as proteolytic fragments of the A2 subunit (18) . The monodispersity and hydrodynamic radius of purified Yen-Tc K∷9 was then measured using dynamic light scattering (Fig. S1C) . Fitting the raw scattering data to a one-component model yielded a hydrodynamic radius measurement for Yen-Tc K∷9 of 15.4ðAE0.1Þ nm, which in turn yielded an estimate for its molecular mass of 2;000ðAE18Þ kDa. Residuals were for the most part randomly distributed, and the calculated polydispersity of less than 1% confirmed that the complex was predominately monodisperse and that a single scattering component model adequately described the data.
Purified Yen-Tc K∷9 was negatively stained with uranyl formate and imaged by TEM (Fig. 1A) . Typical micrographs were dominated by lightbulb-shaped particles (outlined with trapezoids in Fig. 1A ) with a height estimated from the raw micrographs of approximately 31 nm and a width of approximately 22 nm. A lesser number of particle projection images having a shape and dimensions consistent with an orthogonal view of this same complex were observed (diameter approximately 22 nm, outlined with circles in Fig. 1A) . From approximately 300 digital micrographs, an initial dataset of 10,604 particle projection images was obtained and subjected to maximum likelihood analysis (19) . The resulting reference-free, averaged 2D projection images confirmed the overall shape of the nominal side view and, furthermore, were suggestive of a structure featuring an outer shell of electron density and an inner pore that traverses the length of the complex (Fig. 1B) . Unexpectedly, given the tetrameric structure previously reported for the homologous XptA1 complex (14) , nominal top views of Yen-Tc K∷9 exhibited a clear fivefold rotational symmetry (Fig. 1B, row 1, column 6 ).
The molecular weight estimated from the dynamic light scattering data was consistent with a pentameric assembly comprising all four subunits in stoichiometric equivalents (A1 ¼ 130 kDa, A2 ¼ 156 kDa, Chi1 ¼ 60 kDa, Chi2 ¼ 70 kDa; ½130 þ 156 þ 60 þ 70× 5 ¼ 2080 kDa) and a k-means clustering analysis of rotationally averaged spectra calculated from the raw particle images independently confirmed the inherent fivefold symmetry of Yen-Tc K∷9 (Fig. S2 ).
Three-Dimensional Structure of the Pentameric Yen-Tc K∷9 Heteroligomer. The reference-free, averaged 2D projection images of Yen-Tc K∷9 were used to generate a preliminary 3D reconstruction of the complex. This initial model was then iteratively refined until the reconstruction converged to a stable, final structure (Fig. S3) . Based on the identified symmetry, C5 point symmetry was imposed throughout structure refinement to enhance the signal-to-noise ratio. A high degree of consistency between individual particle projection images (Fig. S3A ) and the corresponding class averages (Fig. S3B) supported the self-consistency of the structure. Further structure validation was provided by the high degree of consistency between reference-free (Fig. 1B) and model-biased class averages (Fig. S3B ). The final structure had a resolution of 17 Å according to the 0.5 Fourier shell correlation criterion (Fig. S3E) .
The 3D structure of Yen-Tc K∷9 is shown in detail in Fig. 2 . Based on its subunit composition, estimated molecular weight, and symmetry, the complex is a 20-subunit heteroligomer that incorporates five copies each of A1, A2, Chi1, and Chi2. The complex is 26 nm tall when viewed orthogonal to the axis of fivefold symmetry and is 22 nm in diameter at its widest point toward the base of the complex (Fig. 2) . The discrepancy in height between the reference-free 2D averages and the 3D structure is explained by the absence of variable density at the base of the complex, which is not sufficiently reinforced by averaging to be retained at the chosen visualization threshold. The structure narrows toward the base and to a greater extent toward the top of the complex. The tip of the complex has an external diameter of 8 nm and a pore with an internal diameter of 2.5 nm. A striking feature of the structure is a large internal cavity separated into two apparently distinct compartments (Fig. 2) . A channel-like cavity occupies the center of the complex, having a diameter approximately equal to the pore at the tip of the complex. A second compartment is formed between the density lining the central channel and the outer shell of the complex. A number of fenestrations are observed in the outer shell density, suggesting parts of the cavity may be solvent accessible. The central channel, on the other hand, is completely inaccessible from the base and is separated from the convex pore within the tip of the complex by a constriction located 5-6 nm below the pore opening.
Yen-Tc Is an Endochitinase. We investigated the chitinase activity of the purified Yen-Tc using fluorophore-labeled poly-N-acetylglucosamine substrates. An endochitinase activity of 2;515 AE 222 mol fluorophore released :s −1 :mol −1 Yen-Tc was observed at pH 8, indicating a relatively high level of chitinolytic activity (Fig. S4) . As an exochitinase, Yen-Tc is approximately 10-fold less active (370 AE 49 mol:s −1 :mol −1 ). At lower pH a slightly enhanced activity was observed, but the pattern remained relatively constant (pH 6: endochitinase activity ¼ 3698 AE 173 mol:s −1 :mol −1 ; exochitinase activity ¼ 320 AE 25 mol:s −1 :mol −1 ). Considered together with preliminary reports of chitinolytic activity associated with partially purified Yen-Tc (18) this finding clearly establishes that Yen-Tc is an endochitinase and to our knowledge, represents the earliest reported example of a Tc with associated chitinase activity.
We identified two symmetrically arranged rings of five globular, surface-accessible densities as likely locations of the Chi1 and Chi2 subunits (Fig. 2, * ). This hypothesis was evaluated by downsampling the recently solved structure of the Chi1 core chitinase domain (PDB ID code 3OA5) (20) to a resolution of 20 Å and docking the molecular envelope into one density from each of the upper and lower rings that decorate the Yen-Tc K∷9 surface (Fig. 3) . The correlation score of 0.9795 with the upper ring was indicative of a good fit, whereas a visually more moderate fit was observed in the larger, lower ring density, although the correlation score of 0.9765 was still indicative of a good fit. For both lobes, the orientation with the highest correlation resulted in the active site being solvent exposed. As a result, and having established that the Yen-Tc is an active chitinase, we therefore concluded that the lobe-shaped densities decorating the external surface of the Yen-Tc structure most likely correspond to extrinsically bound and active chitinase subunits. The amino acid sequences of Chi1 and Chi2 predict a high degree of structure conservation (Fig. S5 ), and so it seems reasonable to suggest further that the lower lobe-shaped densities are contributed by the slightly larger Chi2 protein (which contains an additional N-terminal domain of 79 amino acids, contributing an extra 8.7 kDa to the protein molecular weight) while the upper lobes correspond to the Chi1 subunits.
The B and/or C Components Are the Main Determinants of Toxicity. We investigated the insecticidal activities of purified Yen-Tc K∷9 and the native Yen-Tc. Bioassays directed against the diamond back moth P. xylostella revealed a potent toxicity associated with the wild-type complex only (Fig. 4A ). The LD 50 for Yen-Tc was determined to be 3.91ðAE0.03Þ ng per larva (equivalent to 1.59 fmol per larva, assuming a molecular weight of 2,463 kDa for the native toxin). Conversely, Yen-Tc K∷9 displayed no detectable toxicity, even at levels as high as 225 ng (108.2 fmol) per larva. This strongly suggested that one or more of the Yen-Tc B and C subunits are responsible for the toxicity of Yen-Tc.
Yen-Tc-treated P. xylostella were characterized histopathologically by a disappearance of the peritrophic membrane and breakdown of the basement membrane within 24 h (Fig. 4B) . Microvilli typically found on the luminal face of the gut epithelial cells were also absent. The goblet cells, still lined with microvilli, appeared enlarged, whereas cell-like bodies (nuclei-containing vesicles) sloughed off into the gut lumen. By 32 h posttreatment (Fig. 4C ) the basement membrane had largely disappeared with large numbers of cell-like bodies present in the gut lumen. A more profound breakup of the columnar and goblet cells was observed along with an eventual, complete disintegration of the larval midgut.
Having identified the B and/or C subunits as the main determinants of toxicity, we next conducted a comparative structural analysis of Yen-Tc and the nontoxic derivative, Yen-Tc K∷9. The presence of the additional B and C subunits in the native Tc isolated from wild-type cultures was confirmed by SDS/PAGE (Fig. 5A) . TEM analysis revealed a complex estimated to be The strong preferential orientation of Yen-Tc and apparent conformational flexibility of the tip density complicated the determination of a full 3D reconstruction. Regardless, it was possible to assess in detail structural differences between Yen-Tc and Yen-Tc K∷9. A total of 10,224 particle projection images of Yen-Tc were boxed out from approximately 500 digital micrographs and subjected to the same maximum likelihood analysis as Yen-Tc K∷9 (Fig. 1B) generating a set of high signal-to-noise, reference-free class averages for comparative analysis (Fig. 5C ). It was immediately confirmed that the most significant difference between Yen-Tc and Yen-Tc K∷9 was the flexible density located at the end of Yen-Tc. This difference was emphasized visually when Yen-Tc class averages were merged with correlated Yen-Tc K∷9 class averages in the cyan-magenta color spectrum (Fig. 5 C-E) . Little or no noticeable density exclusive to Yen-Tc K∷9 was observed (cyan), while the most significant density exclusive to Yen-Tc (magenta) was localized to the tip of the complex. Notably, no significant differences in structure were observed within the central cavity. This was unexpected given prior suggestions that bacterial Tc complexes utilize a cavity (such as that identified in Yen-Tc K∷9; see Fig. 2 ) as a store for the toxin payload prior to reaching its target, in effect shielding the payload and/or maintaining its solubility (14) . Our analysis clearly indicated that, for Yen-Tc at least, this is not the case and that the B and C subunits are localized at the tip of the complex.
The hydrodynamic radius of Yen-Tc could not be distinguished from that of Yen-Tc K∷9 by dynamic light scattering within the reliable limits of the technique. Given that the B and C subunits contribute a combined molecular weight of 383 kDa (theoretical molecular weight of B ¼ 167 kDa, C1 ¼ 107 kDa, C2 ¼ 109 kDa), stoichiometric equivalents of these proteins would be expected to almost double the molecular weight of the complex (383 × 5 ¼ 1915 kDa; molecular weight of Yen-Tc K ∷ 9 ¼ 2080 kDa), a difference that would almost certainly be accompanied by a detectable increase in the hydrodynamic radius of the complex. Consequently, it was concluded that the B, C1, and C2 subunits were present in substoichiometric quantities. Semiquantitative densitometric analyses of Coomassie-stained protein bands separated by SDS/PAGE supported this hypothesis (Fig. S6 and Table S3 )-the intensity of the four protein subunits comprising Yen-Tc K∷9 was roughly equal, while the ratio of the B subunit to each of these was estimated at 0.9∶5 and the combined intensity of both C subunits represented an approximate ratio of 2∶5 with each of the Yen-Tc K∷9 subunits.
We modeled the density corresponding to a putative cocomplex of B, C1, and C2 as an ellipsoid anchored within the pore located at the tip of Yen-Tc K∷9 (Fig. 5F) , with dimensions based upon those derived from unbiased class averages (Fig. 5C) . When thresholded to the same extent as Yen-Tc K∷9, the molecular weight associated with this density was estimated to be 369 kDa. This estimate compared well with the theoretical mass corresponding to one copy of each of the B and C subunits (383 kDa) and further supported the conclusion that these are present in substoichiometric equivalents. It was therefore concluded that the overall subunit composition of the native toxin is a 5∶5∶1∶ 1∶1∶5∶5 heteroligomer of A1, A2, B, C1, C2, Chi1 and Chi2, respectively.
Discussion
Yen-Tc is the earliest reported example of an orally active Tc from the Yersinia genus. Here we have reported the 3D structure of Yen-Tc K∷9, a mutant lacking the B and C subunits, as well as Table S1 for raw bioassay data). a structural model of the native Yen-Tc toxin. The B and C subunits added to the pentameric Yen-Tc K∷9 complex results in a structure with a roughly elliptical density attached at the narrow end of the complex. Our findings counter the previous suggestion that the determinants of Tc toxicity are accommodated within a cavity created by assembly of a cage-like TcA oligomer (14) . While both Yen-Tc and Yen-Tc K∷9 have internal cavities (Figs. 2 and 5), toxic (Yen-Tc) and nontoxic (Yen-Tc K∷9) variants of the complex studied here exhibit no discernible differences in density within the cavity, and the main determinants of toxicity-in this case, single copies of the B, C1, and C2 subunits-are localized within a density attached to the narrow end of Yen-Tc K∷9 cage. Whether all, or a subset, of these proteins are required for full toxin activity remains to be determined.
Yen-Tc contains two TcA-like subunits with a combined molecular mass approximately equivalent to that of the larger, single TcA components found in a subset of bacterial Tcs that includes X. nematophila XptA1 (287 kDa), XptA2 (280 kDa) and S. entomophila SepA (262 kDa). The A1 and A2 subunits of YenTc are homologous to the N-and C-terminal halves of these larger TcA components (Fig. S5) . It was therefore surprising to find substantial structural differences between the fivefold symmetric Yen-Tc K∷9 assembly and its best characterized structural homologue, the tetrameric XptA1 complex (14) . As well as differences in symmetry and subunit number, Yen-Tc K∷9 is a more enclosed complex with only small fenestrations observed in the outer density (Fig. 2) . The narrow end of the Yen-Tc K∷9 complex (i.e., the binding interface for B/C1/C2) is approximately the same size as that observed in the XptA1 structure (8 nm vs. 9 nm), but the pore is much smaller (2.5 nm vs. 6.5 nm).
We hypothesize that poorly resolved densities at the base of the Yen-Tc structure (Figs. 1B and 2 and Fig. S3 ) may indicate sites of surface-bound membrane-derived material, consistent with previous studies linking TcA subunits to host selectivity (12, 13, 15) and a role for TcA "scaffolds" in cell surface recognition. Density resulting from heterogeneously associated material would be expected to reinforce poorly during averaging, and so the observation that these densities drop below the display threshold of the final structure is consistent with our hypothesis. The toxicity of Yen-Tc toward coleopterans (C. zealandica) (17) and lepidopterans (P. xylostella, G. mellonella) (this study; (18)) suggests the cellular target is conserved across species.
The C-terminal domain of the C1 subunit shares high sequence similarity with the Rho-activating domain of Escherichia coli cytotoxic necrotizing factor 1 (CNF1) (Fig. S5) . CNF1 is implicated in deamination of Rho GTP-binding proteins, leading to rearrangement of the actin cytoskeleton (21) (22) (23) . Similar functional characteristics have been previously attributed to the CNF1-like P. luminescens TccC5 protein (16) . This observation is therefore consistent with the C1 subunit of Yen-Tc being responsible (solely or in part) for Yen-Tc toxicity. Importantly C1 differs from CNF1 in that it contains no putative cell-targeting or translocation domain, consistent with other components of the Yen-Tc (e.g., the A subunits) fulfilling this role. The function of the B subunit is less obvious, but its sequence does contain a putative RCC1-like motif (Fig. S5) , a domain associated with nuclear-localized chromatin binding proteins (24, 25) , and studies utilizing a myc-tagged P. luminescens TcB construct have demonstrated that while the N-terminal domain of TcdB drives nuclear translocation, the C-terminal domain causes contraction of actin (13) . It therefore appears that both the TcB-like and TcC-like subunits harbor potential determinants of toxicity and internalization of both may be required in order to induce a physiological effect.
Effects of Yen-Tc on the P. xylostella larval mid gut (Fig. 4 B-D ) mirror effects of the P. luminescens Tca toxin on M. sexta (5) . The LD 50 of purified Yen-Tc toward P. xylostella, found to be 1.59 (AE0.01) fmol per larva, equates to approximately 9.56 × 10 8 molecules per insect, suggesting that the toxin acts by targeting multiple sites. Studies on the effects of the B. thuringiensis Cry1A9(c) protein have shown that approximately 2.42 × 10 10 and 7.30 × 10 9 molecules of toxin are needed to achieve lethality (LD 50 ) toward M. sexta and Heliothis virescens, respectively (26) . Yen-Tc at the cellular level therefore appears to be more potent, an observation supported by the relative steepness of the LD 50 curve (Fig. 4A) . To our knowledge, the endochitinase activity (this study and ref. 18 ) and incorporation of endochitinases seen in the structure described here for Yen-Tc has not previously been reported in a Tc. The oral activity of Yen-Tc (this study and ref. 17 ) also distinguishes it from the majority of other bacterially derived Tcs, which are for the most part released directly into the haemocoel of the host by nematode-associated bacterial symbionts. It is plausible that the Chi1 and Chi2 proteins may play an essential role in either degrading or binding to chitin within the peritrophic membrane of the insect midgut, exposing the cell wall to the toxin and enhancing the relative efficacy of the Yen-Tc through greater accessibility to its target site (Fig. 6) . Chitinases may also have a role in post cell death liquefaction of the insect cadaver similar to chitinase-encoding, insect-active nucleopolyhedro viruses (27) .
Many aspects of the mechanism underlying Tc activity remain to be defined, although studies of the P. luminescens toxins suggest a model for pathogenesis (16) that largely mirrors that seen in well characterized binary bacterial toxins (e.g., diphtheria, anthrax, and cholera toxins) (28, 29) . These binary systems are characteristically composed of an active toxin component (designated A) and a binding moiety (designated B). The B component, composed of several homomerically arranged subunits, mediates specific, receptor-mediated binding to the cell surface. Following endocytosis and internalization of the binary toxin, the A component traverses a B-mediated pore from the endosome to the Fig. 6 . Functional model for Yen-Tc toxicity. Following ingestion of the Tc, it is likely that the surface-bound chitinases bind to and/or degrade the chitin-rich peritrophic membrane of the insect midgut. Cell surface recognition is likely facilitated by motifs within the A subunits prior to internalization. Similarities to the well characterized bacterial binary toxin systems (e.g., anthrax, cholera, diphtheria) suggest a mechanism involving receptor-mediated endocytosis followed by pore formation and translocation of the B and/or C components into the cytosol (I), although alternative mechanisms (e.g., II, III) cannot be ruled out.
cytosol, inducing toxicity toward the target cell (28, 29) . In analogy to this model, TcA-like proteins are suggested to mimic the function of the binary toxin B component while TcB-like and TcClike subunits may together functionally substitute for the binary toxin A component. This model (Fig. 6 ) seems plausible given the implication of TcA-like proteins in cell surface recognition (14, 15) and that the pore-forming activity of the P. luminescens TcdA1 protein has been demonstrated (16) . Many binary toxins target the actin cytoskeleton, a mode of action for Yen-Tc suggested by the CNF1-like domain of the C1 subunit.
Assuming Yen-Tc employs a receptor-mediated endocytic mechanism, what remains unclear is the mechanism by which the toxin is released. In the case of the anthrax binary toxin, a pHdependent conformational change induces formation of the B-mediated pore through which the A toxins (approximately 90 kDa) are translocated into the cytosol. The Yen-Tc K∷9 structure bears some similarity to the pore-forming anthrax protective antigen (30) and as for the protective antigen, bioinformatic analyses suggest a putative transmembrane β-barrel structure in the N-terminal half of the Yen-Tc A2 subunit (Fig. S5) . The disparity in calculated pI between the C1 (6.32), C2 (6.19) , and other subunits of Yen-Tc (A1 ¼
93) also appears consistent with a pH-driven mechanism of toxin release and/or conformational change. It is worth noting, however, that our preliminary studies have indicated that Yen-Tc is structurally stable over a wide pH range (1-12) in vitro. The solid base of the Yen-Tc structure also represents a substantial point of difference when comparing Yen-Tc to both the anthrax protective antigen and the X. nematophila XptA1 toxin. XptA1 in particular has a much more obvious channel, suggesting an alternative mechanism may be employed by Yen-Tc. A mechanism involving direct penetration of the Yen-Tc tip across the endocytic or cell membrane might explain the proximal location of the B and C subunits while a more general mechanism of endosome dissolution also cannot be ruled out (Fig. 6) . Ultimately, further experiments are required to establish the validity of these and/or other models.
Experimental Procedures
Purification of Y. entomophaga Toxin Complexes. Yen-Tc and Yen-Tc K∷9 were isolated from bacterial cultures of Y. entomophaga MH96 and Y. entomophaga MH96∷9 (Table S2 ) essentially according to established procedures (18) .
Chitinase Activity Assays. Chitinolytic activity was measured using a fluorescent end point assay. Exochitinase and endochitinase activities were assayed using 4-methylumbelliferyl β-D N,N′-diacetylchitotrioside and 4-methylumbelliferyl β-D N,N′,N′′ triacetylchitotrioside (Sigma) as substrates, respectively.
Electron Microscopy and Image Processing. Negative stain TEM was performed on a Tecnai F30 FEGTEM operating at a high tension voltage of 300 kV. A total of 10,224 and 10,604 particle projection images of Yen-Tc and Yen-Tc K∷9, respectively, were extracted from digital micrographs using the SWARM PS algorithm (31) as implemented in EMAN2 and subjected to 2D image processing using XMIPP (19) and EMAN (32) . Three-dimensional structure refinement was subsequently carried out in EMAN.
Full experimental procedures and associated references are available as SI Experimental Procedures.
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SI Experimental Procedures
Purification of Y. entomophaga Toxin Complexes. Overnight cultures (2 × 50 mL) grown in LB broth at 25°C were centrifuged (10 min; 8;000 × g, 4°C) to remove cellular debris and the supernatant filtered through a 0.2 μm filter. The filtrate was then precipitated by addition of ammonium sulphate at 66% saturation (45.03 g∕ 100 mL) over a period of 4 h while mixing on ice. The precipitate was sedimented by centrifugation at 10;000 × g for 20 min at 4°C in an Eppendorf centrifuge (5810R, Rotor F34) and the pelleted proteins were resuspended in 7.0 mL of TBS buffer (25 mM Tris, 130 mM NaCl, pH 7.5). Undissolved debris was then pelleted by centrifugation at 16;000 × g for 6 min at 4°C and the clarified supernatant concentrated 10-fold in an Amicon Ultracel-50 K centrifugal filter device (5;000 × g, 30 min). The retentate (0.75 mL) was applied to a Sephacryl S-400 HR (Pharmacia Biotech) gel filtration column (1.5 × 46 cm bed volume) and eluted with 25 mM TBS, at a flow rate of 0.5 mL: min −1 at 22°C. Toxin-containing fractions were identified by SDS/PAGE and fractions containing the least amount of outer membrane vesicles and GroEL were pooled (typically fractions eluted at 98-105 min) and concentrated 10-fold using an Amicon Ultracel-30 K device. Concentration of purified toxins was estimated by Bradford assay (BioRad).
Bioassay and Dose Response Analysis. Serial dilutions of the purified complex were prepared in 0.1 M phosphate buffer (10 mM sodium phosphate, pH 7.4, 0.65 mM K 2 HPO 4 , 0.35 mM KH 2 PO 4 ) containing 0.04% Duwett (Elliot Chemicals Ltd). Fifteen μL of the diluent was spread on a 2-cm cabbage leaf disc and air dried for 2 h at ambient temperature following which the leaf disc was placed on a piece of Whatman® filter paper (grade no. 5) located at the base of a small plastic bottle. Six second or third instar P. xylostella larvae were added, maintained in an enclosed environment at approximately 20°C, and observed daily for progression of disease. At day 3, any remaining food was removed and replenished with fresh untreated food. For negative controls, leaf discs were treated in an identical manner with 0.1 M phosphate buffer. Percent area of leaf consumed for each concentration of toxin was measured. This value was then calculated back to total amount of toxin consumed and then divided by the number of larvae added, allowing the approximate dose received by each larvae to be calculated. Six replicates were assayed per data point within each experiment. In addition, experiments were randomized and performed in triplicate. LD 50 values were calculated from bioassay data using Probit analysis (S1).
Chitinase Activity Assays. Chitinolytic activity of Yen-Tc K∷9 was measured using a fluorescent end point assay described previously (S2, S3). To measure the exochitinase and endochitinase activity, respectively, 4-methylumbelliferyl β-D N,N′-diacetylchitotrioside and 4-methylumbelliferyl β-D N,N′,N′′ triacetylchitotrioside (Sigma) were employed as substrates. Assays were carried out in either 50 mM HEPES, pH 6.0 or 50 mM Tris-HCl, pH 8.0. Fluorescence was measured on a VictOr X3 plate reading fluorescence spectrophotometer (Perkin-Elmer) (335 nm excitation, 460 nm emission).
Dynamic Light Scattering. Dynamic light scattering (DLS) was undertaken using a Wyatt Technology DynaPro Titan instrument with a temperature controlled microsampler. Samples of YenTc and Yen-Tc K∷9 were filtered through 0.2-μm filters and centrifuged at 16;000 × g in a benchtop centrifuge to remove dust. All samples were analyzed in PBS buffer at 18°C, with a collection time of 3 s and a laser intensity of 6% to keep counts s −1 within the linear range of the instrument. Yen-Tc was analyzed at 3 mg∕mL and Yen-Tc K∷9 at 1.6 mg∕mL. Seven hundred fifty measurements were recorded for each sample. Data were analyzed using in-house software written by Richard L Kingston.
Electron Microscopy. Four μL of a 0.1 mg∕mL solution of either Yen-Tc or Yen-Tc K∷9 was applied to glow-discharged 400 mesh copper EM grids coated with a thin continuous film of evaporated carbon. Specimens were stained with an aqueous solution of 0.75% uranyl formate (w∕v). Electron microscopy was performed on a Tecnai F30 FEG TEM (FEI Company) operating at a high tension voltage of 300 kV and nominal magnification of 59;000 ×. Micrographs were recorded on a GATAN 4 k × 4 k CCD camera (Gatan Inc.) at a pixel size corresponding to 3.9 Å at the specimen level under irradiation conditions limited to 80 electrons Å −2 . Approximately 500 and 300 digital micrographs were recorded for Yen-Tc and Yen-Tc K∷9, respectively, at a defocus corresponding to a contrast transfer function (CTF) first zero crossing of 1∕12-1∕15 Å. No significant drift or astigmatism was observed.
Image Processing. Particle projection images of each complex were boxed out by semiautomated particle selection using the SWARM PS algorithm (S4) as implemented in EMAN2. Particles with poor staining, poor contrast, and other defects were removed resulting in final "clean" datasets of 10,224 (Yen-Tc) and 10,604 particles (Yen-Tc K∷9) used for all subsequent image processing. Nonbiased, reference-free class averages were generated using maximum likelihood methods as implemented in the software XMIPP (S5). Symmetry was evaluated by classifying the particles according to their symmetry spectra obtained by rotational averaging followed by organisation into a kernel density estimator self organizing map ("kerdensom"), as well as by manual inspection of individual particles and reference-free class averages.
A first 3D reconstruction of the Yen-Tc K∷9 complex was built from the reference-free class averages using EMAN (S6) with C5 symmetry imposed. Structure refinement was subsequently carried out through successive rounds of iterative particle alignment, classification, and 3D reconstruction. Iterations were carried out at successively finer angular sampling, with each step iterated to pseudoconvergence as judged by Fourier-shell correlation (S7). Within each angular sampling step, the number of rounds of "iterative class averaging" was also decreased in a stepwise fashion, to minimize model bias in early rounds of refinement and blurring of model features in later rounds. The final, converged structure was validated by comparison of the reference-free and model-biased class averages. All 3D structures were displayed and rendered with the UCSF CHIMERA software package (S8) and docking of the chitinase subunits was performed in the same software package using the "fitmap" command with overlap optimized and data only used above the contour level of the map. Correlation scores are reported on a scale of −1 to þ1 with the latter corresponding to an ideal fit. . Symmetry analysis of Yen-Tc K∷9. Symmetry was detected in individual particle projection images by analysis of their rotationally averaged symmetry spectra using Xmipp. Following classification into a kernel density estimator self organizing map (kerdensom) a cluster of 173 particles was identified with a strong peak at the fifth angular harmonic (A). Representative unsymmetrized (B) and fivefold symmetrized reference-free class averages (C) obtained from this cluster confirmed the presence of fivefold symmetry. A slightly larger cluster of 225 particles with a peak at the fourth angular harmonic was also analyzed (D); however, it was immediately clear that the peak was not indicative of true fourfold symmetry but the result of "pseudosymmetry" present in side view images, evident in representative unsymmetrized class averages (E and F). Putative transmembrane beta barrel structures were indentified using the PRED-TMBB server (S9). Fig. S6 . Estimation of Yen-Tc stoichiometry. SDS/PAGE gel used to estimate the relative proportions of the seven Yen-Tc subunits in the native Yen-Tc. The ratio of intensities for each band was calculated (see Table S3 ) and then averaged across the four lanes relative to the A1 subunit to arrive at a final estimated stoichiometry of 5.0 A1∶5.3 A2∶0.9 B∶2.0 C1∕C2∶4.3 Chi1∶5.7 Chi2. (* The C1 and C2 subunits comigrate and therefore could not be independently quantified.) 
